Abstract: Leishmaniasis is a protozoan disease caused by the genus Leishmania transmitted by female phlebotomine sand flies. Surveillance of the prevalence of Leishmania and responsive vector species in endemic and surrounding areas is important for predicting the risk and expansion of the disease. Molecular biological methods are now widely applied to epidemiological studies of infectious diseases including leishmaniasis. These techniques are used to detect natural infections of sand fly vectors with Leishmania protozoa and are becoming powerful tools due to their sensitivity and specificity. Recently, genetic analyses OPEN ACCESS
have been performed on sand fly species and genotyping using PCR-RFLP has been applied to the sand fly taxonomy. In addition, a molecular mass screening method has been established that enables both sand fly species and natural leishmanial infections to be identified simultaneously in hundreds of sand flies with limited effort. This paper reviews recent advances in the study of sand flies, vectors of leishmaniasis, using molecular biological approaches.
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Leishmaniasis
Leishmaniasis is caused by protozoan parasites belonging to the genus Leishmania, which is further divided into two subgenera, Leishmania and Viannia. Leishmania protozoa are transmitted by the bite of the female phlebotomine sand fly [1, 2] . The disease is widely distributed around the world especially in tropical and subtropical areas, affecting at least 12 million people in 88 countries, with another 350 million people at risk [1, 2] . Approximately 20 Leishmania species are known to be pathogenic to humans, and the species is the major determinant of clinical outcome (cutaneous, mucocutaneous and visceral forms) [1] [2] [3] .
Cutaneous leishmaniasis (CL), known as "Oriental Sores" and "Baghdad Boils" in the Old World and "Chiclero's Ulcer" and "Uta" in the New World, is caused by various Leishmania species including Leishmania (Leishmania) major and L. (L.) 
tropica in the Old World and L. (L.) mexicana, L. (L.) amazonensis, L. (Viannia) braziliensis, L. (V.) guyanensis and L. (V.) peruviana in the New
World [1, 2, 4] . Typical CL is characterized by localized refractory skin ulcers or nodules at sites of infection that heal spontaneously leaving life-long scars [1, 2] . Other unusual types of CL include leishmaniasis recidiva cutis (LRC) characterized by the development of satellite nodules in or around the scar of a clinically healed lesion after a period of time, diffuse cutaneous leishmaniasis (DCL) producing non-ulcerating chronic nodules over the entire body resembling skin lesions of lepromatous leprosy, and post kala-azar dermal leishmaniasis (PKDL), which can appear on the skin of individuals who have recovered from visceral leishmaniasis (VL) [1, 2] . Some 90% of CL cases are reported to occur in just seven countries; Afghanistan, Algeria, Iran, Saudi Arabia, Syria, Brazil and Peru [2] .
Mucocutaneous leishmaniasis (MCL), also known as "Espundia", is endemic in Central and South America, and characterized by destructive metastatic lesions in the mucous membranes of the nose, mouth and throat cavities and surrounding tissues that occur months or years after the onset of the primary cutaneous infection [5] [6] [7] [8] .
VL, caused by L. (L.) donovani complex, is also known as "Kala azar" or "Dum dum fever". VL is the most severe form of leishmaniasis, and the clinical symptoms include irregular bouts of fever, substantial weight loss, fatigue, anemia and substantial swelling of the liver and spleen [9] . The disease is usually fatal if untreated, and is the second-largest parasitic killer in the world with an estimated 500,000 new cases and more than 50,000 deaths each year [2] . Some 90% of VL cases occur in just five countries; Bangladesh, India, Nepal, Sudan and Brazil [2] .
Most leishmaniases are zoonotic diseases that include animal reservoir hosts in the transmission cycle [1] . Humans are considered to be an accidental host, although anthroponotic transmission without animal reservoirs is reported in some Leishmania species [1] (Figure 1 ). The life cycle of Leishmania species involves two stages; in mammalian hosts, the parasites are observed as an intracellular amastigote with a round or ovoid-shaped and immotile form, but when taken up into the gut of sand flies, they become an extracellular promastigote characterized by a spindle-shaped and motile form with an external flagellum [10] . The transformation is triggered by a change in conditions such as temperature and pH [11, 12] . The main target of the parasite in mammalian hosts is macrophages, and infections are known to occur in three ways; (1) direct infection, (2) phagocytosis of infected neutrophils by macrophages (the Trojan horse model), and 3) silent infection by parasites released from apoptotic neutrophils [13] . Neutrophils, which are recruited to sites of tissue damage caused by sand fly bites in the initial phase, are considered to ingest the majority of parasites and play a central role in the establishment of the Leishmania infection [13] [14] [15] [16] [17] [18] (Figure 1 ).
Phlebotomine Sand Flies as a Vector of Leishmaniasis
Phlebotomine sand flies are tiny blood-feeding insects of the family Psychodidae in the order Diptera with a body length of approximately 2−3 mm [19] . They vary in color from silver-gray to almost black, and fold their wings into a characteristic V-shape when at rest ( Figure 2 ). They are active nocturnally and rest in houses, cellars, caves and gaps among rocks in the daytime. Unlike mosquitoes, they fly feebly and silently, and sneak up on a host using a peculiar hopping motion [20] . Only female flies suck blood for egg production, and the bites are typically painful. To date, approximately 800 sand fly species have been recorded in five major genera; Phlebotomus (94 species) and Sergentomyia (258 species) in the Old World, and Lutzomyia (379 species), Brumptomyia (23 species) and Warileya (5 species) in the New World, and of these, proven vector species of Leishmania protozoa are classified into the genus Phlebotomus and Lutzomyia [20] . The majority of the species play no part in the transmission of leishmaniasis in nature for several reasons; they may not feed on blood from humans and potential reservoir animals, and/or they may be incapable of supporting the development of Leishmania species [20, 21] . Less than 10% of sand flies have been incriminated as vector species of leishmaniasis, and only about 30 species have been demonstrated to have a vectorial capacity [10] . In addition, each vector species can only support the development of and consequently transmit certain species of Leishmania [10, 19] . In the susceptible vector, the promastigotes of Leishmania attach to the epithelium of the gut, multiply, and differentiate into the infective metacyclic form, which is transmitted to the mammalian host [21, 22] (Figure1) . The attachment of the promastigotes to the insect midgut is crucial to the completion of their life cycle in order to avoid excretion when the sand fly defecates [21, 22] . The attachment is mediated by lipophosphoglycan (LPG), the major surface glycoconjugate of promastigotes, and the structures are polymorphic among species, suggesting that LPG is the major determinant specifying a vector species [22, 23] . The only midgut protein of sand flies shown to interact with Leishmania is PpGalec, a β-galactoside-binding lectin, found in
) major in the Old World [24] . Genomic DNA hybridized with PpGalec was present in P. papatasi and P. 
Advances in Sand Fly Taxonomy
As described, only some of the approximately 800 sand fly species are medically important, and certain sand fly species can transmit only certain species of Leishmania [21, 22] . Since the spread of leishmaniases largely depends on the distribution of the vectors, the identification of circulating sand fly species in endemic and surrounding areas is important for predictions of the risk and expansion of the disease. Sand flies are generally identified as adults based on morphologic characteristics, mainly internal structures such as the spermatheca, cibarium and pharynx in females, and terminal genitalia in males [19, 20] . Other characteristics include the location and intensity of pigmentation of the thorax, and the length ratios of wing veins, and antennal and leg segments [19, 20] . Approximately 90 characteristics have been demonstrated as effective descriptors, and these characters are examined and measured on each specimen under a microscope after appropriate preservation and mounting [19, 20] . Thus, the morphological classification requires considerable skill as well as taxonomic expertise. In addition, the presence of intraspecific variation and cryptic species frequently complicates classifications based on morphological features [25] . Furthermore, damage caused by improper storage and mounting makes the process more difficult or can cause misidentification. Therefore, other characteristics like molecular markers have been explored for the development of simpler and more accurate ways to identify sand flies. Several genetic markers have been used to examine the systematics, relationships and evolution among sand fly species and for population analyses within species . Most results of genetic analyses support the generally accepted classification based on morphological characteristics, however, discrepancies exist between the two classifications in several groupings, suggesting the necessity for careful reconsideration of the sand fly taxonomy [42, 51, 52] . With the accumulation of genetic data on sand flies, attempts have been made to establish methods of identification using simple techniques such as the PCR-restriction fragment length polymorphism (RFLP) analysis of 18S rRNA genes [33, [45] [46] [47] 50, 51] . Although genetic diversity affecting RFLP-patterns was found in some species, the genotyping method was shown to be accurate and easy-to-use for the identification of sand fly species, requiring less expertise and with less risk of different interpretations among researchers than the conventional morphology-based classification [33, [45] [46] [47] 50, 51] . It is important to note that this DNA-based technique doesn't require special storage conditions for the specimens, and different methods of preservation such as drying and the use of 70% ethanol or liquid nitrogen did not affect the quality of the results [33] . In addition, damage to samples, which affects the morphologic classification in many cases, does not affect the PCR-RFLP analysis. To date, approximately 400 Lutzomyia and 100 Phlebotomus species have been recorded, and it is impossible to distinguish them all with a PCR-RFLP-based method. Usually, however, not many species coexist in an endemic area. Therefore, the PCR-RFLP-based method targeting several different genes will be a powerful tool for sand fly research as well as studying taxonomy in given leishmaniasis-endemic areas.
Interestingly, several studies suggested differences in vectorial capacity among populations within vector species such as mosquitoes [53, 54] . The population structure has been analyzed in the Old World species P. papatasi and P. sergenti [38, 39] and in the New World species Lu. longipalpis and recently Lu. hartmanni and Lu. ayacuchensis [25, 52, [55] [56] [57] [58] [59] [60] . Heterogeneity of transcribed spacer (ITS) 2 sequences among populations was reported in P. sergenti, the main vector of L. (L.) tropica, and an association with vectorial capacity was hypothesized [38] . In addition, remarkable genetic variation among populations was also found in Lu. longipalpis,
, on the basis of the mitochondria ND4 gene [55] . On the other hand, an absence of geographic distribution for both ITS2 and mitochondria ND4 genes was reported in P. papatasi, the principal vector of L. (L.) major [39] , and for ITS1 and ITS2 genes in both Lu. hartmanni and Lu.
ayacuchensis, which are the vector species of L. (V.) panamensis and L. (L.) mexicana, respectively
[52]. The genetic heterogeneity described in P. sergenti and Lu. longipalpis may be associated with morphological variation that is observed in the two species but not in Lu. hartmanni, Lu. ayacuchensis and P. papatasi [39, 52, 59] . More recently, a correlation between microsatellite markers and geographical origin was described in P. papatasi, suggesting multi-locus microsatellite typing to be effective for population analysis in sand flies [61] . Thus, further extensive study should disclose markers appropriate for population genetics in sand flies, resulting in the elucidation of vectorial capacity among population structures.
Advances in the Detection and Identification of Leishmania Species within Naturally Infected Sand Flies
Detection and identification of Leishmania species within sand flies are important for predictions of the risk and expansion of the disease in endemic and surrounding areas since the infected species is the major determinant of the clinical outcome in humans [1] [2] [3] . The infection of sand flies with Leishmania promastigotes has been examined by the dissection of individual sand flies under a microscope. For this purpose, specimens need to be fresh, and the dissection of tiny sand flies requires a highly skilled technique. The procedure takes a relatively long time, and additionally, a large number of specimens have to be examined to obtain informative data for each area since the infection rate of sand flies with Leishmania is generally very low (0.01-1%) even in endemic areas [62, 63] . To improve on conventional methods, several PCR-based techniques have been developed [45, 47, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] , and infection of Leishmania species within sand flies was identified, e.g., L. (L.) major in P. papatasi [65] , [69] and L. (L.) donovani in P. argentipes [72] [66] , Lu. gomezi [66] and Lu. neivai [70] in the New World. In most studies, DNA was extracted from pooled sand fly samples or from individual sand flies by use of an expensive kit or by a complicated conventional protocol using proteinase K-containing DNA extraction buffer followed by phenol/chloroform extraction and ethanol precipitation. These methods are sensitive enough to detect Leishmania species within sand flies. However, several improvements were desirable for the analysis of a large number of sand flies with less effort and cost. In addition, it is better to analyze sand flies individually because several species co-exist in most endemic areas and the use of pooled samples may spoil important information on vector epidemiology such as the prevalent sand fly species and the relationships between Leishmania and vector species. Recently, a method of mass screening sand flies for Leishmania infection was established, and its usability for field research confirmed [46, 47] . The protocol is represented in Figure 3 . With this method, 96 individual samples can be analyzed at once with few processes. The method has a number of advantages: 1) purification of DNA is not required; that is, ethanol-fixed sand fly samples lysed in conventional DNA extraction buffer overnight at 37 ˚C without homogenization can be directly used as PCR templates, 2) the sensitivity and specificity are very high; leishmanial DNA is detectable if only one parasite exists in a sample, 3) data on individual sand flies can be obtained, 4) there is minimum risk of DNA loss and contamination among samples because of few processes, and 5) each sample can be used as a template for 100-150 PCRs. In addition, the sand fly species can be identified by molecular biological methods such as PCR-RFLP using the same template DNA if some genetic information is available on the prevalent sand fly species in the given endemic areas. Further, Leishmania species detected within sand flies can be identified by the analysis of leishmanial genes such as the mitochondrial cytochrome b gene [45] [46] [47] [48] [74] [75] [76] . Thus, application of the mass screening method in different areas will provide important information on risk factors, hopefully leading to the control and /or surveillance of leishmaniasis. 
Concluding Remarks
Molecular biological techniques are now becoming powerful tools for sand fly research. Therefore, more detailed information on the risk factors for leishmaniasis, such as the prevalent sand fly species as well as the seasonal variation in the infection rate and transmission risk, can be accumulated by continuous efforts using such techniques in various endemic areas in different seasons. In addition, elucidation of the relationships between Leishmania and vector species, which requires enormous effort with current methods, by use of molecular methods mentioned, will contribute to not only epidemiological research on leishmaniasis but also basic studies on parasite-vector interactions. 
